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ABSTRACT
EFFECT OF POLYMORPHIC PHASE TRANSFORMATIONS WITHIN AN
ALUMINA LAYER ON THE IGNITION OF ALUMINUM PARTICLES
by
Mikhail Aleksiyovych Trunov
Experimental measurements of aluminum ignition temperature and models used to
describe aluminum ignition are reviewed. It is shown that the current models cannot
describe ignition of aluminum powders of different sizes and ignited under various
experimental conditions. The properties of and phase changes occurring in the alumina
scale existing on the surface of aluminum particles at different temperatures are
systematically studied. The mechanism of aluminum oxidation is quantified and a new
simplified ignition model is developed.
Thermogravimetry was used to study the oxidation of aluminum powders of
various particle sizes and surface morphologies in oxygen at temperatures up to 1500 °C.
Partially oxidized samples were recovered from selected intermediate temperatures and
the oxide phases present were analyzed by x-ray diffraction. Both micron- and nano-
sized aluminum powders were observed to exhibit characteristic stagewise oxidation in
the temperature range from 300 to 1500 °C. Kinetic parameters for both direct oxidative
growth of alumina scale and phase transformations between different alumina
polymorphs were determined from the thermal analysis data for a selected micron-sized
powder. The observed oxidation trends for other micron- and nano-sized powders were
well interpreted considering the established kinetics.
Melting of aluminum nanopowders was studied by differential scanning
calorimetry in argon environment. No correlation was found between the melting and
oxidation.
The developed aluminum ignition model describes ignition of a particle inserted
in a hot oxygenated gas environment — scenario similar to the particle ignition in a
reflected shock in a shock tube experiment. The model treats heterogeneous oxidation as
an exothermic process leading to ignition. The ignition is assumed to occur when the
particle's temperature exceeds the alumina melting point. The model analyzes processes
of simultaneous growth and phase transformations in the oxide scale. Additional
assumptions about oxidation rates are made to account for discontinuities produced in the
oxide scale as a result of increase in its density caused by the polymorphic phase changes.
The model predicts that particles of different sizes ignite at different environment
temperatures. Generally, finer particles ignite at lower temperatures. The model
consistently interprets a wide range of the previously published experimental data
describing aluminum ignition.
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CHAPTER 1
REVIEW: IGNITION OF ALUMINUM POWDERS UNDER DIFFERENT
EXPERIMENTAL CONDITIONS
1.1 Introduction
Aluminum powders are widely used as fuels in various energetic materials, including
pyrotechnics, explosives, and propellants [1, 2]. The advantages of aluminized fuels are
their high oxidation enthalpy, high combustion temperature, environmentally benign
products, and relatively low cost. However, in many applications a long ignition delay of
aluminum leads to agglomeration of molten particles (e.g., [3, 4]) and diminishes
performance of the energetic formulation. Ignition and combustion of aluminum have
been actively studied over the last 5 decades and a large body of experimental data was
accumulated. This chapter reviews both experimental and theoretical studies of
aluminum ignition. In addition, recent experimental results on aluminum oxidation are
described and interpreted to outline qualitative mechanisms of ignition of aluminum
powders in various experimental situations.
1.2 Experimental Studies of Aluminum Ignition
A large number of experimental investigations reported in the literature make it a
formidable task to present a comprehensive review. Instead, several characteristic
examples of experimental techniques used to determine the temperature of aluminum
ignition are selected and described below.
1
21.2.1 Ignition of Aluminum Powder in a Flat Flame Burner
This technique developed by Friedman and Macek is described in Ref. [5]. A simplified
schematic diagram of the experimental apparatus is shown in Fig. 1.1. A dilute fluidized
bed containing aluminum powder was placed under a flat flame burner. The individual
aluminum particles were fed into the post-flame region of the burned combustible gas
mixture via a hypodermic needle. When individual aluminum particles entrained in
combustion gases ignited, bright particle streaks were observed. The flame stoichiometry
and gas flow rates were adjusted to determine the minimum gas temperature at which
ignition occurred. The temperature of the combustion gases was calculated as an
adiabatic flame temperature corrected by about 20 °C to account for heat losses to the
water-cooled burner. The correction was supported by the measurements of the
temperature rise in the cooling water and respective heat transfer calculation. Spherical
15 — 67 pm diameter aluminum powders were used in these experiments. The
combustible gas mixtures were prepared using propane, oxygen, and nitrogen. The
ignition was observed to occur when the gas temperature exceeded 1940 °C.
A flat flame burner was also used in more recent aluminum ignition studies, e.g.,
[6], where 45-53 pm diameter aluminum particles ignited in the combustion products of
methane/oxygenlargon and methane/oxygen/nitrogen gas mixtures. The flat flame
temperatures were measured from the absorption spectra of the OH radical. Particles
were observed to ignite at about 1830 °C.
3Figure 1.1 Schematic diagram of a flat flame burner experiment used in Ref. [5] to
determine aluminum ignition temperature.
1.2.2 Ignition of Aluminum Wires
In these experiments, an electrically heated aluminum wire was placed in a flow of an
oxidizing gas. The ignition temperature was determined optically, or from the measured
changes in the wire resistance. Early experiments with this configuration were reported
by Brzustowski and Glassman, [7] and Kuehl [8]. The technique was further developed
by Merzhanov and co-workers [9] and used to determine ignition temperatures of
aluminum wires in oxygen and carbon dioxide. A simplified diagram of the experimental
setup used in Ref. [9] is shown in Fig. 1.2. The heated aluminum wire was placed within
a rectangular tube and subjected to a controlled laminar gas flow. A dedicated power
supply was designed to provide various regimes of heating the wire. The wire was heated
with a constant power, a stepwise power increase, and an exponentially increasing power.
The ignition temperature was determined from the wire resistance measured in real time.
4Extensive heat transfer analyses and calibrations of the wire resistance as a function of
temperature were used to support this measurement. For 30 - 50 um diameter wires,
ignition in pure oxygen occurred at 1640 — 2000 °C. These results are consistent with the
data presented in Ref. [8]. The ignition temperature coinciding with the alumina melting
point, 2053 °C was reported based on the optical pyrometry and similar experiments
described in Ref. [7]. Analysis of the ignition temperature as a function of the heating
rate was presented in Ref. [9]. The heating rates varied in vicinity of 10 2-103 °C/s. It was
reported that higher ignition temperatures were observed at lower heating rates. The
proposed interpretation suggested an increase in the ignition temperature due to an
increase in the oxide thickness occurring during the heating prior to ignition.
Figure 1.2 Schematic diagram of a wire ignition experiment used in Ref. [9] to
determine aluminum ignition temperature.
51.2.3 Ignition of Bulk Aluminum Samples
A series of thorough experiments aimed to determine the ignition temperature of
aluminum has been reported by Yuasa and co-workers [10]. In these experiments,
illustrated in Fig. 1.3, a 10 mm diameter and 10-mm height aluminum sample in a
refractory sample holder was placed in a furnace. The sample temperature was
monitored using a thermocouple.
Figure 1.3 Schematic diagram of a bulk sample ignition experiment used in Ref. [10] to
determine aluminum ignition temperature.
Two types of ignition experiments were performed. In one experiment, the
sample was pre-heated to a desired temperature while being subjected to a flow of argon.
The pre-heating was meant to destroy the continuity of the natural oxide film at the
surface of the sample. After a desired stable temperature was achieved, the argon flow
was replaced with a flow of an oxygen/nitrogen gas mixture. The ignition occurred after
a certain delay following the introduction of the oxidizing gas flow. The ignition was
6identified optically as an instant when the gas at the surface of the sample became
incandescent. Spectroscopic measurements showed that the produced radiation included
Al lines and A10 bands. Critical ignition temperatures determined in these experiments
increased from 1650 to 1950 °C as the ambient pressure increased from 10 to 100 kPa.
At 40 kPa, the maximum pressure of the continuous heating experiments (see below), the
ignition temperature was approximately 1800 °C.
In the second experiment, no efforts were made to alter the natural oxide film on
the aluminum surface. The sample was continuously heated in an oxidizing (02/N2) gas
flow and the temperature of the sample at the instant of ignition was recorded. These
experiments were performed at the pressures of 8 and 41 kPa. No significant pressure
effect on the ignition temperature was observed. The ignition temperatures decreased
from 2050 °C to 1650 °C when heating rates increased from 2 to 9 °C/s.
1.2.4 Ignition of Aluminum Nanopowders
Recently, aluminum nanopowders became available and attracted significant interest in
the advanced energetics community. Several investigations have determined the ignition
temperatures of such very fine aluminum powders during their slow heating in the
furnace of a thermal analyzer. A simplified diagram illustrating such experiments is
shown in Fig. 1.4. A small amount of powder, typically, 5 — 10 mg, is placed in a jar and
is being heated in a very slow flow of oxygen. During heating, the powder mass is
continuously monitored (thermo-gravimetric analysis). At the same time, the temperature
of the powder can be monitored and compared to the temperature of a reference inert
sample placed in the same furnace (differential thermal analysis).
Figure 1.4 Schematic diagram of a thermal analysis experiment used in Refs. [11-13] to
determine ignition temperatures for aluminum nanopowders and flakes.
Both nanopowders of aluminum [11-13] and flake-shaped aluminum powders that
also have a large specific surface were investigated using this technique. Ignition was
detected by a strong heat effect and rapid mass increase. The observed mass increase
corresponded to the complete aluminum oxidation. The onset of the rapid heat release
was identified as the ignition instant. Both aluminum nanopowders and flakes were
observed to ignite at fairly low temperatures, between 560 and 800 °C.
1.2.5 Summary of Measured Aluminum Ignition Temperatures
In addition to the experiments with pre-heated furnaces described above, shock tubes, and
other techniques were used to quantify the ignition temperatures of aluminum powders.
Review of various experimental reports showed a wide range of the measured ignition
temperatures for different aluminum samples. The direct comparisons are difficult
because of the significant differences in the experimental conditions, such as pressure,
8sample size and shape, thickness of the natural oxide film, specific gas composition, and
heating rate. However, it was found instructive to plot the experimental ignition
temperatures of aluminum measured at pressures close to 1 atm as a function of the
sample size, [5, 6, 9, 10, 13-20], as shown in Fig. 1.5. The trend observed in Fig. 1.5,
shows that very fine aluminum powders with a large specific surface ignite at much lower
temperatures than bulk aluminum samples. Most importantly, the aluminum powders in
the size ranges widely used in energetic materials, i.e., 0.1 — 100 gm, can ignite over a
remarkably wide range of temperatures. At the same time, knowledge of the specific
ignition temperature is crucial for the accurate modeling of performance of a practical
combustion system. Figure 5 shows that while aluminum particle size clearly affects its
ignition temperature, for some size ranges, e.g., 10 — 100 pm, particles of similar sizes
were observed to ignite at very different temperatures. Thus, other experimental
conditions must be considered to predict the ignition temperature for any specific
application.
9Figure 1.5 Experimentally determined temperatures of aluminum ignition as a function
of the used sample size.
1.3 Current Models of Aluminum Ignition
Many different approaches to describe aluminum ignition have been presented in the
literature. However, it is possible to reduce most available models to three main types.
Each approach is briefly described and discussed below.
1.3.1 Fixed Ignition Temperature
This simple and the most popular model is based on a number of experimental reports
showing that aluminum particles ignite in the vicinity of the melting point of Al203 (i.e.,
2053 °C). Hence, it was suggested that the oxide film that is always present on the
aluminum surface prevents ignition until it melts. After the oxide melts, it forms isolated
islands instead of the continuous coverage. The surface of aluminum becomes exposed
10
to the oxidizer and the particle ignites. The protective properties of aluminum oxide are
well known [21]. The approach to describe aluminum ignition by introducing a constant
ignition temperature is very simple and therefore, appealing. It has been recognized that
a better agreement with experiments can be achieved in most cases if the ignition
temperature is selected somewhat below the Al 203 melting point. In Refs. [22, 23], the
ignition temperatures were arbitrarily chosen between 1700 and 2100 °C. For many
experiments in which larger aluminum particles were used, this approach produced quite
satisfactory results. However, as it is clear from Fig. 1.5, this approach is inadequate for
finer aluminum particles, which are likely to be used in many practical combustion
systems. To address this discrepancy, some authors chose to select a much lower critical
ignition temperature, e.g., 1077 °C [24].
1.3.2 Stress in the Oxide Scale
This model introduced by Rozenband and Vaganova [25] and further developed in Refs.
[10] and [26] suggests that the protective oxide coating breaks up due to mounting
mechanical stresses. Similarly to the described above model, breakage of the oxide layer
exposes bare aluminum surface to the oxidizer and leads to the ignition. Whereas the
model of the oxide scale break-up has been advanced significantly, the mechanical
properties of the heated alumina are poorly known. Therefore, accurate predictions of the
experimental ignition temperatures are impossible. Recent analysis [26] showed that the
most significant stress in the oxide film develops just after the melting of aluminum, i.e.,
immediately above 660 °C. At elevated temperatures, e.g., above 1100 °C, the
deformations of Al203 result in the grain boundary sliding causing a brittle to ductile
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transition [27]. Therefore, the stresses in the oxide film are relaxed and the rupture of the
oxide film is unlikely to occur. Therefore, this model does not seem to be able to
adequately describe ignition of aluminum powders observed at either very low (560-600
°C) or relatively high (>1500 °C) temperatures.
1.3.3 Exothermic Growth of Oxide Film
In this model, the oxide scale is considered as growing in an oxidizing environment. The
heat release due to oxidation is estimated and compared to external particle heating or
heat losses. Ignition is predicted by a respective particle heat transfer model including
the enthalpy of oxidation. Analysis of the specific heat transfer model typically includes
such terms as convective heat transfer and an exothermic oxidation reaction limited by
the diffusion of reagents through a growing oxide film [9, 28-30]. Such an analysis
immediately implies that an effect of the particle size on the ignition temperature could
be predicted. A rate of oxide film growth is typically described by an Arrhenius-type
term, e.g.,
where hox is the thickness of the oxide film, t is time, A is temperature, C is concentration,
R is the universal gas constant, and E and B are activation energy and pre-exponent,
respectively. The exponents p and n represent the effect of the oxidizer pressure and
oxide thickness on the oxidation law. Often, both exponents are assumed to be equal to
one, suggesting a parabolic law of oxidation. Other choices have been also discussed in
the literature based on the experimental data collected for different oxidation temperature
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ranges [31]. The model requires that the values of E and K are determined from
independent sources. Typically, these values are extracted from the aluminum oxidation
studies. However, the analysis of the literature shows great discrepancies between the
values used and reported by different researchers. Some of the examples of the values of
the activation energy used in the aluminum ignition models [9, 30, 32-36] are given in
Table 1.1. The same table also shows some of the other activation energy values reported
in the relevant aluminum oxidation studies [37-40]. Note that a small change in the
activation energy greatly affects the oxidation kinetics described by an exponential
function. Therefore, an adequate selection of the values of E and K is critical for an
accurate description of the ignition processes of aluminum. However, review of the
available literature and some of the recent studies (e.g., [41]) indicate that it is impossible
to select a single Arrhenius-type function to describe the growth of the aluminum oxide
film. Many different alumina polymorphs exist in different temperature ranges and a
more detailed oxidation model is necessary to describe the growth of aluminum oxide
scale in the range of conditions appropriate for the ignition experiments.
Table 1.1 Activation Energies Relevant for Description of Aluminum Oxidation.
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CHAPTER 2
EFFECT OF POLYMORPHIC PHASE TRANSFORMATIONS WITHIN Al203
FILM ON THE OXIDATION KINETICS OF ALUMINUM POWDERS
2.1 Introduction
The processes of aluminum combustion have been studied extensively, e.g., [22, 42-43];
however, some of the processes that are crucial for accurate modeling of aluminized
energetic materials remain poorly understood. The ignition of aluminum particles is one
such process. Aluminum oxide film, always present on the particle surface, is well
known for its protective properties. It prevents oxidation of aluminum and its alloys at
low temperatures. At elevated temperatures, the properties of the oxide must change
leading up to ignition, this evolution of the oxide film during particle heating has never
been systematically studied.
This chapter presents a brief summary of the changes known to occur in
aluminum oxide films and the experimental study of oxidation of aluminum powders
with different particle sizes. The results are analyzed to identify the processes affecting
aluminum oxidation rates at different temperatures.
2.2 Background: Phase Changes in Growing Alumina Scale
Aluminum oxide phases and phase changes have been extensively studied and excellent
reviews, e.g., [44] are available in literature. Significant progress has also been made
recently in understanding the growth kinetics of alumina layers at elevated temperatures
[45-47] and in the quantification of related mass transfer coefficients, e.g. review [48].
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Because this information has not been used extensively by combustion researchers, a
brief summary is given below.
It is known that the oxide scale forming on the surface of aluminum at low (room)
temperatures consists of a thin layer of amorphous alumina [45, 46]. The thickness of
this "natural" oxide coating (also referred to as "limiting" oxide film thickness) has been
evaluated by different researchers to vary from about 0.5 nm [47] to 4 nm [49]. Most of
the authors suggest that the aluminum powders are coated with a 2-3 nm thick layer of
aluminum oxide, e.g., [50-52]. The common route of phase transformations in alumina
film grown on aluminum surface by thermal oxidation has been established in Ref [44]
as:
Amorphous film y 8 --+ 0 a-A1203
The densities of these alumina polymorphism are different from one another, as shown in
Table 2.1. Thus, significant changes in the oxide film morphology are expected when the
density changes abruptly, i.e., when amorphous oxide film transforms into a crystalline
polymorph and when stable a-A1203 forms from other transition alumina phases, e.g.,
y, 5, or O.
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Table 2.1 Densities of Alumina Polymorphism Formed in During Thermal Oxidation [44].
It has been recently shown that amorphous alumina is thermodynamically more
stable on aluminum surface than any crystalline polymorphism until the thickness of the
layer reaches a critical value [45]. The critical thickness depends on the crystallographic
orientation of the aluminum substrate and varies somewhat as a function of temperature.
In the temperature range of 20 — 600 °C, the specific values of the critical thickness are
close to 0.5, 2.5, and 5 nm for the 111, 100, and 110 crystallographic faces of aluminum,
respectively [45]. After the critical thickness of the oxide layer is exceeded, amorphous
alumina becomes metastable and transitions to y-alumina. The resulting 7-alumina is
stabilized due to its small crystallite size [53]. When the temperature increases to about
950 — 1250 °C [44], 7-alumina transforms into the thermodynamically stable a-alumina.
This transformation may proceed directly or via a number of intermediate phases such as
8-, and 0-alumina [44]. Formation of a-alumina crystallites with larger size (exceeding
30 nm) and higher density results in the overall densification of the alumina scale [44,
50] .
The rate of growth of the amorphous oxide layer is limited by the outward
diffusion of aluminum cations [47]. A network of grain boundaries within the
polycrystalline 7-alumina scale provides diffusion paths for oxygen [48]. Thus, inward
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oxygen diffusion becomes the rate limiting mechanism for the growth of y-alumina scales
[47-481 Grain boundary diffusion of oxygen towards the Al-A1203 interface remains the
oxidation rate limiting process for the polycrystalline a-alumina scales. However,
because of the coarser crystallites and higher oxide density, the rate of grain boundary
diffusion is reduced compared to that typical for 7-alumina. Therefore, the diffusion rate
constant changes as a result of the y —+ a alumina transition.
2.3 Materials and Method
Four types of aluminum powders were used in this study. Representative electron
microscope images of the particles are shown in Fig. 2.1. Two fine powders have nearly
ideal spherical particles: Alfa Aesar, nominal sizes of 3 - 4.5 p.m (97.5 % Al) and 10 - 14
pm (98 % Al). A coarser aluminum powder, Alfa Aesar -40 +325 mesh, has particles
with irregular shapes. The fourth sample used was aluminum flakes by Iowa Pyro
Supply, -325 mesh. The flakes are from 20 to 200 nm thick.
Figure 2.1 SEM images of the aluminum powders used in oxidation experiments.
The particle sizes were analyzed using low angle laser light scattering (BALLS;
LS230 Beckman-Coulter Particle Analyzer) for all samples except flakes. Specific
surfaces of the finer powders, SBET, were measured by the Brunauer-Emmett-Teller
(BET) method using a NOVA 3000 High Speed Gas Sorption Analyzer. The BET
diameters, dBET, were calculated as dBET = 	
6
	
, where PA Z is the density of aluminum.
ABET PA!
The measured particle sizes are presented in Table 2.2.
Table 2.2 Characteristics of Used Aluminum Powders.
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The oxidation of aluminum powder in oxygen was studied by differential thermal
analysis (DTA) with simultaneous thermo-gravimetric analysis (TGA) using a Netzsch
Simultaneous Thermal Analyzer STA4O9 PC. The instrument was calibrated for
temperature with the melting points of a set of metal standards resulting in a temperature
accuracy of ±1 °C, 25-3O mg samples contained in alumina crucibles were heated from
room temperature to 149O °C with heating rates varying in different experiments from 5
to 4O °C /min. The oxygen flow rate was 5O ml/min. To recover the intermediate
products, in some experiments the sample oxidation was interrupted at a particular
temperature, the oxygen atmosphere was replaced with argon, and samples were cooled
to room temperature. Recovered samples of intermediate products were analyzed by x-
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ray diffraction (XRD) on a Philips X'pert MRD x-ray diffractometer using unfiltered Cu-
Ka radiation (1.54187 A wavelength, 45 kV, 4O mA). The samples were thinly coated
on a single-crystal Si sample holder using hexane as a dispersion medium; diffraction
patterns were collected from 15° to 7O° 20.
2.4 Results
The TGA curves in Fig. 2.2 show the sample mass increase as a function of temperature
for different aluminum powders heated at different heating rates. At temperatures below
55O °C, the oxidation is relatively slow; a significant mass increase (of about 5%) was
observed only for aluminum flakes, which have the highest specific surface of the
powders studied (comparable to that of aluminum nano-powders, e.g., [54]). Accelerated
oxidation was consistently observed for all samples in a narrow temperature range from
55O to 65O °C. Oxidation slowed down significantly just before the aluminum melting
point. Insets in Fig. 2.2 show this region of the TGA curves with a magnified vertical
scale. For the aluminum flakes heated at 5 K/min, this increased oxidation rate resulted
in the oxidation of more than a third of all the available aluminum. The sample of Al
flakes heated at 1O Kimin ignited during the experiment at about 56O °C as illustrated by
a very sharp weight increase. This stepwise oxidation was completed for all samples by
about 65O °C. At this temperature, the oxidation rate was at its minimum and started to
continuously increase while the temperature was increased up to about 1OOO — 11OO °C.
Note that the complete oxidation to A1203 would result in a mass increase of about 88 %.
In the case of flakes, nearly all the aluminum was oxidized below 1OOO °C, and the
oxidation rate slowly decreased as the temperature continued to increase.
Temperature, 'C
Figure 2.2 Summary of TGA measurements for oxidation of different aluminum
powders.
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For other powders, a fairly thick oxide layer was formed by about 11OO °C, at
which point the oxidation rate decreased abruptly. Very low oxidation rates are inferred
for all of the powders by the nearly horizontal portions of the TGA curves between about
11OO and 12OO °C. Continuing temperature increase resulted again in an accelerated
oxidation. The measurements above 145O °C were generally less reproducible and
should be regarded with caution because of the approaching limit of the temperature
calibration range (15OO °C).
The qualitative oxidation behavior described above was consistently observed for
all powders. At higher heating rates, the observed oxidation steps consistently shifted
towards higher temperatures as illustrated in Fig. 2.2. The processing of the experimental
data using isoconversion methods was attempted in order to evaluate the activation
energies of different oxidation steps, e.g., in the vicinity of 6OO and 1O5O °C. This
processing was not successful: the values of the obtained activation energies were
inconsistent from sample to sample in spite of qualitative similarities between the TGA
curves for different powders.
Below, different regions of the TGA curves are referred to in terms of oxidation
stages. These stages are shown schematically in Fig. 2.3 using a typical TGA curve and
its derivative, which is directly proportional to the rate of oxidation. The first stage refers
to the slow oxidation at temperatures below ~ 55O °C. The second stage describes the
stepwise mass increase in the temperature range of 55O — 650 °C. The third stage
describes the temperature interval over which the oxidation rate continuously increases,
from about 65O to 1OOO — 11OO °C. The increase of the oxidation rate is abruptly
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terminated as is clearly shown by the derivative of the TGA curve in Fig. 2.3. Finally,
the fourth oxidation stage describes the increase of the oxidation rate above 11OO °C.
Figure 2.3 Stages in oxidation of aluminum powders: a typical TGA curve and its
derivative as a function of temperature. Points A, B, C, and D show
temperatures at which the samples were recovered for XRD analyses.
In order to understand the processes causing the observed changes in the
oxidation rate and to identify intermediate oxidation products, several samples of
spherical aluminum with 3 - 4.5 gm particle size were heated in oxygen at 1O °Cimin to
selected temperatures, cooled in argon, and analyzed by XRD. Samples were recovered
from 54O, 635, 926 and 1O2O °C, as illustrated in Fig. 2.3 by points A, B, C, and D,
respectively. Since the mass increase for the spherical powder during the first oxidation
stage was very small, a sample of aluminum flakes containing significantly larger
amounts of oxide (see Fig. 2.2) was also heated to 54O °C and recovered for analysis.
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The x-ray patterns of samples oxidized to different temperatures are shown in Fig.
2.4. The patterns are not shown for the samples oxidized to 540 °C because no peaks of
Al20 3 could be identified for either the spherical powder or the flakes. Weak peaks of y-
A1 20 3 in addition to strong peaks of metallic aluminum are observed for the sample
recovered from 635 °C. The peaks of a-A1 2O3 become noticeable only by the end of the
third oxidation stage, at 926 °C. At this point, the peaks of y-A1 2O3 become stronger and
a set of peaks corresponding to 0-Al203 appear. The peaks of y-A1203 disappear from the
XRD patterns upon completion of the third oxidation step, at 1O20 °C. At this point, the
peaks of a-A12O3 become very strong, and only minute amounts of 0-A1 20 3 remain.
Figure 2.4 XRD patterns for partially oxidized aluminum powder samples. The
observed XRD peaks are identified for different polymorphs of A1 203.
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The thickness of the oxide layer at different oxidation stages was estimated from
the increase in the overall sample mass as observed in the TGA curves. For this simple
estimate, the oxide was assumed to uniformly cover the powder surface area determined
by BET. The thickness of oxide film for the flakes was also estimated using the BET
specific surface measurements and assuming that the flake thickness is significantly
smaller than its length and width. Note that specific surface of the coarse, -4O +325 mesh
powder was smaller than could be determined by BET measurements; consequently, the
oxide thickness could not be estimated for this powder, either. Based on the phases
identified by XRD (see discussion below), the A1203 layer thicknesses by the end of
different oxidation stages were estimated using the density of amorphous alumina for the
first oxidation stage (p. = 3O5O kgim 3
 [44]), the density of y-A12O3 for the second stage
(py = 366O kg/m3 [44]), and the density of a-A12O3 for the third and fourth oxidation
stages (pa
 = 399O kgim3 [44]). The fourth oxidation stage was never completed in these
experiments; therefore, the final oxide thickness was estimated at 145O °C for all
powders. The estimated thicknesses of the oxide layers corresponding to the ends of the
respective oxidation stages are summarized in Table 2.3.
Table 2.3 Experimental Oxide Thickness Estimated Based on the Measured Weight
Increase and Powder Specific Surface From the BET Measurements.
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2.5 Discussion
The specific processes responsible for the individual oxidation stages of aluminum
powders must be understood in order to accurately model aluminum ignition. The
oxidation stages observed in this work are generally consistent with previous reports on
aluminum powder oxidation, e.g., [55-59]. Experimental results obtained in this work
systematically cover powders with a range of particle sizes and morphologies. This
information can be used to develop a qualitative and quantitative description of the
oxidation processes involved.
As prepared, aluminum powders are coated with an amorphous alumina layer [44-
47]. Therefore, growth of this layer is expected to occur during the initial oxidation
stage. The growth of amorphous oxide during stage I oxidation is also consistent with
our inability to identify any alumina phases by XRD, even for partially oxidized sample
of aluminum flakes that gained up to 5 % of its initial mass during stage I oxidation (see
Fig. 2.2).
The amorphous alumina layer becomes metastable when its thickness exceeds a
critical value [45]. A sharp increase in the oxidation rate is indeed observed for both
spherical powders when the thickness of the oxide exceeds 3.6 - 5.2 nm (see Table 2.3;
end of stage I data). This experimentally observed oxide thickness agrees well with the
maximum critical thickness of amorphous alumina reported in Ref. [45]. Thus, the
transition from stage I to stage II oxidation can be interpreted as the transformation of
amorphous alumina to a crystalline alumina polymorph. Note that by end of stage I
oxidation, the estimated oxide film thickness for the flake samples is slightly higher than
that observed for spherical powders. This minor discrepancy could be caused by the
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particle surface morphology that was not accounted for in our estimate for the oxidizing
surface for flakes.
According to Ref. [44], a common route for the formation of stable a-A12O3 from
amorphous alumina film is: amorphous ---÷ y --* [8] —f [0] ---÷ a-A12O3 . The intermediate
phases shown in brackets may or may not be produced. The formation of y-A12O3 is
expected during the second oxidation step. The density of y-A12O3 is about 2O% higher
than that of amorphous oxide. At the same time, the smallest crystallite size of y-A1203
has been observed to be in the range of several nanometers, i.e., comparable to the
thickness of the oxide film existing at this point on the aluminum surface. Thus, it is
suggested that the newly formed y-A12O3 scale does not fully cover the aluminum particle
surface that was previously protected by continuous amorphous alumina film. The
formation of bare aluminum spots, and their immediate oxidation could cause the rapid
rate increase of aluminum oxidation at relatively low temperatures in stage II, see Figs.
2.2, and 2.3. As oxidation continues, the openings in the y-A12O3 layer heal until a
continuous y-A12O3 coverage forms on the particle surface. This causes the transition to a
slower oxidation at the beginning of the observed stage III. According to our
measurements, the healing of the y-A12O3 layer is completed when its equivalent
thickness as estimated from the mass increase approaches 15-2O nm. The XRD data
confirm the presence of y-A1203 by the end of stage II, in agreement with the proposed
oxidation mechanism. Note that the detection of broad and relatively small peaks
produced by the thin y-A12O3 layer is difficult. Therefore, only the fine powders with
larger relative fractions of oxides were examined in this study using XRD.
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Further temperature increase results in continuous growth of the y-A1203 layer and
its eventual transformation to y-A12O3 via the intermediate transition alumina phases.
The presence of 0-A1203 is clearly established by XRD for the sample recovered from the
partially completed stage III (see Figs. 2.3 and 2.4). This indicates that stage III may
need to be divided further into sub-stages, in which transitions between y-A12O3 and other
metastable alumina polymorphism occur. Note that the densities of the y, 8, and 0 phases
are all close to one another [44], so no dramatic changes in the grain boundary oxygen
diffusion rate are expected. This diffusion process controls the oxidation rate, which
remains almost constant while these polymorphs are being formed. By the end of stage
III, the rate of oxidation is dramatically decreased, which can be explained by the
formation of a significantly denser and coarser crystallites of y-A12O3. The densification
of the alumina layer can readily explain the decrease in the rate of oxygen diffusion and
the resulting low rate of alumina growth at the beginning of the stage IV. The XRD
pattern once again supports this mechanism showing formation of large quantities of y-
A1203, no y-A1203, and only traces of 0-A1203 at the beginning of stage IV (see Fig. 2.4).
A further temperature increase results in continuously increased rates of oxygen diffusion
and oxidation, as observed during the remainder of stage IV.
2.6 Conclusions: Proposed Sequence of Processes in Alumina Scale During
Aluminum Oxidation
Oxidation of aluminum powders at elevated temperatures was studied experimentally.
Four oxidation stages were identified based on thermogravimetry in the temperature
range from 3OO to 15OO °C. The analysis of partially oxidized samples recovered from
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specific intermediate temperatures and a review of the available literature on alumina
polymorphs formed at different temperatures were used to suggest the following
simplified oxidation sequence. This sequence is illustrated schematically by a diagram in
Fig. 2.5 that also shows a characteristic thermo-gravimetric analysis (TGA) curve of
oxidizing aluminum powder.
Figure 2.5 Change in mass of the aluminum powder oxidizing in a thermal analyzer.
Different stages of oxidation are indicated and the respective changes in the
growing alumina scale are shown schematically.
During stage I, from 300 to about 550 °C, the thickness of the natural amorphous
alumina layer on the particle surface increases. The rate of this process is controlled by
the outward diffusion of Al cations. A transformation of amorphous alumina into y-
A1203 occurs at about 550 °C, when the oxide layer thickness exceeds the critical
thickness of amorphous alumina of ~ 4 nm. The density of the y-A1203 is greater than
that of amorphous alumina, and the newly formed y-A12O3 nano-crystallites produce a
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monolayer covering the aluminum surface only partially. A bare aluminum surface is
produced as a result of the amorphous - y-A1203 transformation. The rate of oxidation
increases rapidly at the beginning of stage II as shown in Fig. 2.5. As the openings in the
oxide coating heal, the rate of oxidation decreases. Eventually, a regular polycrystalline
layer of y-A1203 forms by the end of stage II. The growth of y-A1 203 continues in stage
III for which the oxidation rate is limited by the inward grain boundary diffusion of
oxygen anions. Growth of the y-A120 3 layer can be accompanied by phase
transformations into other transition polymorphs, such as 8-A1203 and 6-A1203, which
have densities very close to that of 8-A1203. Such transitions are not expected to
significantly affect the oxidation rate. Stage III ends when the increased temperature
destabilizes the transition alumina polymorphs. The stable and denser y-alumina
polymorph starts forming by the end of stage III; stage IV is considered to start when the
oxide scale is completely transformed to y-alumina. When first individual a-A1203
crystallites begin to form by the end of stage III, the thickness of the 8-A1203 layer
decreases, and the oxidation rate increases momentarily. Once most of the oxide layer is
transformed to coarse and dense a-A1203 crystallites resulting in continuous
polycrystalline coverage, grain boundary diffusion slows down, and the oxidation rate
decreases rapidly. Final oxidation stage IV is characterized by the formation and growth
of the y-A1203 oxide.
CHAPTER 3
EFFECT OF POLYMORPHIC PHASE TRANSFORMATIONS WITHIN
ALUMINA LAYER ON THE IGNITION OF ALUMINUM PARTICLES
3.1 Introduction
Oxidation kinetics of aluminum powders with different particle sizes and morphologies
have recently been studied using thermal analysis [13, 6O-61]. It has been determined
that all aluminum powders oxidize in several stages. It has also been established that
different A12O3 polymorphs form as a result of both continuing oxidation and phase
changes during different oxidation stages.
In this chapter, an aluminum ignition model is developed based on the
quantification of the sequence of processes occurring during heterogeneous oxidation of
aluminum described above. The experimental data presented in the chapter 2 (see also
Ref. [13]) are used extensively to obtain quantitative description of aluminum oxidation
kinetics. The ignition model developed here is used to describe a wide range of
experimental ignition temperatures observed for aluminum powders with different
particle sizes.
3.2 Aluminum Oxidation Kinetics
3.2.1 Methodology for Processing TGA Experiments for Oxidizing Aluminum
Powders
The oxidation model of aluminum developed here is based on experimental TGA data of
aluminum oxidation [13]. The results of thermal analysis are frequently processed to
determine the kinetics of the underlying processes using isoconversion methods, e.g., the
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method after Kissinger [62, 63]. Such methods can be used if the state of transformation
can be clearly identified from the TGA curves, and if the kinetics of each identified
process can be described by a single activation energy. In the case of the TGA data from
Ref. [13], isoconversion methods were not successful. Despite the similarity of the TGA
traces of powders with different particle sizes, the derived activation energies varied.
This could indicate that several thermally activated processes overlapped during
oxidation. To better distinguish such processes, each individual TGA curve was analyzed
separately in the present work.
For simplicity, particles were assumed to be spherical. It was further assumed
that at any given time the rate of oxidation is limited by the diffusion of only one species,
A, so that the rate of sample mass change, rh , is proportional to the molar rate of
diffusion of this species for a single particle, I I A : 1t1 HIT* Al. The coefficient of
proportionality depends on the stoichiometry of the oxidation reaction, the initial sample
mass, and the type of the reaction rate limiting species.
The species A can be different at different oxidation stages. According to the
qualitative description of oxidation processes presented above (cf. Fig. 2.5), the rate of
oxidation is limited by the outward diffusion of aluminum cations in stage I, and by the
inward diffusion of oxygen anions along grain boundaries in stages 2 — 4. The following
model describes diffusion for spherical particles in a quasi-steady state approximation. It
is assumed that both the particle and the oxide layer are at the same temperature. Thus,
the absolute value of the diffusion rate for a single particle is given by the solution of a
radial diffusion equation:
where DA is the diffusion coefficient of the species A in the oxide layer; CA ' and CT are
molar concentrations of the species A on the interfaces of the oxide with the aluminum
core and the oxidizing gas, respectively; r is the radius and the subscripts Al and ox
describe aluminum core and oxide layer, respectively. Assuming that the concentration
of species A equals zero at the reaction interface, i.e., either CA ' = 0 or CT = 0 we obtain:
where CA
 is the concentration of species A at the side of the oxide layer where the
source of this species is.
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where CA*
 is the combined oxidation constant depending on the reaction stoichiometry,
the initial sample mass, and the type of the species A. Each process occurring during
oxidation can be characterized by its specific activation energy. The values of these
process-specific activation energies can be found from the differential TGA curves (i.e.,
dm
from —dB as a function of temperature):
The radii Al and roux at different temperatures are also readily derived from the current
sample mass m obtained from the TGA, as described in the Appendix. Therefore, the
right side of Eq. (3.6) depends only on the experimental sample mass. The TGA data can
now be represented by a function, Y(TGA), equivalent to the right side of Eq. (3.6). This
function is usefully plotted vs. inverse temperature. Portions of this function approaching
straight lines can be interpreted as parts of the oxidation process for which the activation
energy remains constant and equal to the slope of the line. Data for experiments with
different heating rates and different particle sizes can now be compared directly. The
activation energies determined from different experiments should coincide if the same
oxidation processes control the reaction during the oxidation stages introduced above.
3.2.2 Kinetics of the Aluminum Oxidation Processes
Figure 3.1 illustrates the implementation of the processing described above. In the
respective experiment spherical aluminum powder with nominal particle sizes in the
range of 1O - 14 um was heated in oxygen at 4O K/min [13]. To ensure that the heat and
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mass transfer processes within the sample are insignificant, i.e., much faster than the
oxidation processes of interest, the experiments were performed with different amounts
of the loaded aluminum powder (10 mg and 30 mg). The resulting measured curves were
identical, supporting the validity of the TGA measurements for analysis of the aluminum
oxidation kinetics. There are several apparently linear regions in the plot of Y(AGA) vs.
inverse temperature. For each such region, a straight line with the appropriate slope is
shown. Comparing the data in Fig. 3.1 with the original TGA curve which is similar to
that shown in Fig. 2.5, one can identify specific processes for which the activation
energies can be evaluated.
Figure 3.1 An example of a processed TGA curve used to determine the kinetic
parameters of aluminum oxidation. Slopes of straight lines are proportional to
the identified activation energy values.
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The upper right linear portion of the curve corresponds to the growth of the
natural amorphous oxide coating, or stage I in Fig. 2.5. The rate of oxidation is very
small for this low-temperature process and the experimental TGA points have significant
scatter. Therefore, the slope and respective activation energy are determined with a large
error. At slightly higher temperatures, the processed TGA data can be described by a
straight line with a much steeper positive slope, corresponding to a process with a higher
respective activation energy. A positive slope, in general, illustrates an increasing
oxidation rate at higher temperatures. Comparison of Fig. 3.1 and Fig. 2.5 shows that the
increase in the slope of the processed TGA curve in Fig. 3.1 corresponds to the phase
change from amorphous to the denser 7-oxide. This phase transformation decreases the
thickness of the protective amorphous oxide layer [13]. The initially formed y-alumina
crystallites at the same time do not form a continuous surface coverage. The following
portion of the processed TGA curve has a negative slope, corresponding to the decrease
in the oxidation rate observed by the end of stage II, as shown in Fig. 2.5. The decreased
oxidation rate is caused by "healing" of the growing y-alumina layer, i.e. by the growth of
the initial layer of 7-oxide crystallites into a continuous polycrystalline oxide scale [13].
This is accompanied by the change of the rate limiting process from the diffusion of
aluminum cations in amorphous oxide to the diffusion of oxygen anions in the
polycrystalline y-oxide scale.
As the temperature continues to increase, the processed TGA data approach the
next portion of a straight line with a positive slope. This part of the oxidation
corresponds to the growth of the 7-oxide layer in stage III (cf. Fig. 2.5). By the end of
stage III, the positive slope increases and then a region with a negative slope is observed
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once again. The interpretation of these processes is analogous to that discussed above for
the increase of the positive slope followed by a negative slope of the processed TGA
curve in stage II. When crystallites of the denser a-oxide start forming, they initially
produce little diffusion resistance to the oxygen anions. At the same time, formation of
y-alumina crystallites reduces the thickness of the protective y-alumina oxide scale. This
corresponds to an increase in the slope of the processed TGA curve. As most of the 8-
lawyer is transformed to the denser and coarser y-alumina crystallites, a continuous
polycrystalline y-alumina layer is formed. The grain boundary area in this layer is
smaller than that existing in the more fine-grained 7-oxide film, and the resistance of this
layer to oxygen diffusion increases. As oxidation slows down after stage III, a portion of
the processed TGA curve with a negative slope is observed. Continuing temperature
increase results in accelerated diffusion and the final portion of the processed TGA curve
with a positive slope.
Thus, five different processes described by linear portions of the processed TGA
curves with positive slopes were identified and five corresponding activation energies
were found. These processes are, in the order of their occurrence at increasing
temperatures:
• Growth of amorphous oxide
• The amorphous to y-alumina phase change
• Growth of 7-alumina
• The y to y-alumina phase change
• Growth of y-alumina.
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The respective activation energies were determined from a set of experiments in which
spherical aluminum particles of different sizes were heated in oxygen at different rates
[13]. The results of these analyses are shown in Table 3.1. Because of the significant
scatter of the data points at low temperatures, the activation energy for the growth of
amorphous alumina could be determined only from some of the available experiments.
The activation energies shown in Table 3.1 are quite consistent for experiments
conducted with different particle sizes and at different heating rates. This consistency
validates the approach of processing the TGA data described above.
All described processes leading to accelerated oxidation rates at higher
temperatures are considered in the oxidation model described below. The activation
energies used in the model are obtained as averages from individual experiments, shown
in bold in Table 3.1. Because excessive self-heating due to oxidation and corresponding
perturbations of the sample temperature in experiments with the coarser 1O - 14
particles was less likely, these experiments were used to obtain the average activation
energies for all processes in the ignition model, except for the growth of the amorphous
oxide layer. This low-temperature process was better resolved in experiments with finer
particles with higher specific surface; therefore the respective activation energy was
obtained as the average from the individual experiments with the 3 —4.5 uM diameter
particles.
Table 3.1 Activation Energies for Oxidation Stages of Aluminum.
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Experiments with low signal-to-noise ratio for the low-temperature oxidation
2 Activation energy values used in the model of aluminum oxidation
For comparison, Table 3.2 presents the activation energies of aluminum oxidation
and of phase transformations between alumina polymorphs previously reported in the
literature. The activation energies found in this work for the polymorphic phase
transformations, Ea„,,, = 458 kJ mol-1 and Er-4a = 394 kJ mol l , are fairly close to the
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values previously reported in the literature [64]. Previously reported activation energies
for the growth of alumina layers range from 71 to about 46O kJ mor al  [9, 38, 4O, 65] and
can generally be separated by the respective temperature ranges rather than by the type of
alumina polymorphic. In most investigations the polymorphic phase transformations were
not taken into consideration so that the reported activation energies should be treated as
compound values. Therefore, while direct comparison between the activation energies
shown in Tables 3.1 and 3.2 may be of limited interest, it can be noted that the activation
energies for oxidation of different alumina polymorphs found in this work are well within
the range reported in the literature for both low and high heating rates. Therefore, it was
hypothesized that values of activation energies detected in the low heating rate
thermogravimetry experiments may be also used to describe the aluminum ignition
occurring at significantly higher heating rates. Finally, as shown in Table 3.1, the
following activation energies for the oxide growth regions were used in the oxidation and
ignition models below: Ea = 3O6 kJ magi  for the growth of a-alumina; Er = 227 kJ mol "1
growth of 7-alumina; and Earn = 12O kJ mol l for growth of amorphous alumina.
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Table 3.2 Values for the Activation Energy of Aluminum Oxidation and of Alumina
Phase Transformations Reported in the Literature.
[9], determined for 16OO-2OOO °C temperature range; the smallest
71
activation energy reported in the literature for aluminum oxidation
418	 [4O], determined for 95O-13OO °C range
146	 [38], determined for 52O-65O °C range
[65], grain boundary diffusion of oxygen through polycrystalline
46O
alumina
434	 [64] for phase transformation from amorphous to y-phase
5O2	 [64] for phase transformation from 7-to y-phase
3.3 Model of Aluminum Powder Oxidation
3.3.1 Model Formulation
This oxidation model describes the formation and growth of each alumina polymorph.
Because of the generic nature of these oxidation and phase transformation processes, the
model is expected to describe reasonably well the oxidation of powders in a wide range
of size distributions, including nanopowders. Additional corrections might need to be
made in the future for extremely small size particles (e.g., < 1O nm), when the changes in
the thermodynamic functions, such as enthalpy of formation, become significantly
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affected by the decreasing particle size. In the model, the masses of the aluminum oxide
layer and the aluminum particle core are computed as a function of time and temperature.
The temperatures in this model are lower than the characteristic temperature of aluminum
combustion; therefore evaporation of aluminum or its oxides was neglected. Changes in
the mass of each oxide polymorph can be caused by two different processes: the mass
change mox due to direct aluminum oxidation and the mass change re due to the
polymorphic phase transformations. Because of the accepted sequence of the
polymorphic phase transitions: amorphous a [13], the specific masses of the
amorphous, y-, and y-oxides, referred to by the subscripts am, y, and a, respectively, are
described by the following differential equations:
where V is the rate of volume change, and p is the density. The initial volumes of both y
and a phases are equal to zero: Vy = O; Va = O . For the amorphous oxide, the initial
volume V m = 71/6( 613BET (d BET — n'am)3) is determined by the initial thickness of the "natural"
oxide layer, ha , assumed to be equal to 2.5 nm [5O-52, 66], and the particle diameter,
ABET, obtained from BET isotherm measurements of the powder's specific surface area
[13].
The rates of mass change due to direct oxidation of aluminum are calculated from
the diffusion of the rate—limiting species. As discussed above, these species are different
for each oxidation stage. To simplify the boundary conditions necessary to compute the
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diffusion mass flows, the model allows the direct oxidative growth of only one alumina
polymorph at any given time. Specifically, only the alumina polymorph with the highest
diffusion resistance is growing due to direct oxidation. Simultaneously occurring phase
transformations may contribute to the growth of this or other co-existing alumina
polymorphism. Further, it is assumed that the initial formation of all oxide polymorphs
starts at the oxide-gas interface, i.e. the particle's outer surface. Thus, if different
polymorphs coexist, the aluminum particle is surrounded by a sequence of concentric
shells of the respective alumina polymorphism.
For each polymorphism, the rate of direct, diffusion limited oxidation for a spherical
oxide layer is described using an Arrhenius type expression (similar to Eq. (3.5)):
where C, is the coefficient describing the diffusion of A species in different alumina
polymorphism. The subscript i indicates the specific oxide polymorphism, i.e., amorphous, y,
or a alumina. The subscript i-1 indicates the underlying substrate or "parent" material,
which could be aluminum, amorphous or y alumina, respectively. As stated above, the
concentration of the rate limiting diffusing species was assumed to be zero at the reaction
interface. The coefficients, Cif, were determined from the mass changes of aluminum
powders measured in the TGA experiments [13] considering specific temperature ranges,
for which the model predicted the existence of only one alumina polymorph. To
illustrate: during the fourth oxidation stage (cf. Figs. 2.5, 3.1) only the y-oxide exists.
Therefore, the equation (3.7.3) can be simplified by eliminating the term describing the
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phase transformation, ril l ; ,a . The mass of the oxide layer is then integrated using the
initial y-oxide thickness determined from the TGA curve at the beginning of stage IV.
The growth of y-oxide at the beginning of stage III, and the growth of amorphous oxide
in stage I were processed similarly. Thus, processing the TGA data allowed us to
determine both the activation energy and pre-exponent required to describe growth of
each alumina polymorph. A detailed list of kinetic parameters used in the model is
shown in Table 3.3. For the determination of the pre-exponents, the TGA experiment of
1O-14 um particles heated at 4O K/min was selected [13]. All pre-exponents were
determined from this experiment.
Table 3.3 Values of the Kinetic Parameters Used in the Models for Aluminum
Oxidation and Ignition.
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Additional assumptions were necessary to describe the oxidation kinetics in stages
II and III, when the individual y- and y-oxide crystallites initially formed. In these
periods, the oxidation rates were limited by the diffusion of aluminum cations or oxygen
anions through the shrinking film of amorphous or y-oxide, respectively. The initial
diffusion resistance of the newly formed 7- and y-oxide crystallites was neglected.
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However, the model needs to define the instant at which the diffusion resistance of the
growing 7- and y-oxide layers becomes significant. In other words, the critical thickness
of the newly formed layers of the y- and a-oxide polymorphs needs to be identified at
which these layers stop behaving as individual crystallites producing no diffusion
resistance and start behaving as polycrystalline oxide scales. These transition oxide
thicknesses are introduced based on literature data describing the sizes of typical
individual crystallites for the 7- and a-oxides, respectively. The size of stable y-
crystallites at temperatures between 4OO and 7OO °C is in the 4 to 11 nm range [67], and
the minimum size of stable y-crystallites is about 45 nm [68]. The minimum nucleation
size of the a-crystallites formed as a result of the y- to a-phase transformation was
reported to be close to 17 nm [68]. Qualitatively, it was suggested that once the thickness
of the growing alumina layer exceeds the single crystallite size, it starts behaving as a
polycrystalline film with non-negligible diffusion resistance. Because of the approximate
nature of this description, the "transition" thickness, h im , was selected somewhat
arbitrarily to be by = 5 nm and h: = 3O nm, respectively. After the transition
thickness of the newly formed oxide layer is achieved, the layer starts contributing to the
overall diffusion resistance of the growing oxide scale. However, the initial diffusion
resistance of the developing oxide layer is much smaller than the diffusion resistance of
the respective regular polycrystalline film. According to the TGA results, the diffusion
resistance of the newly growing oxide coverage approaches that of a regular
polycrystalline layer of the y- (or y-) oxide when the oxidation rate is slowest at the
beginning of stage III (or IV, respectively.) The TGA data allow to determine the
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respective oxide thickness hie, where subscript i can be either y or a, at which the
oxidation starts to be described by a straight line with a positive slope, following the
regions with negative slope in Fig. 3.1. The data from Ref. [13] show that the thickness
he decreases at higher heating rates. Based on analysis of the available TGA data for the
1O - 14 p.m size aluminum powder [13], the following empirical equation for the
dependence O; (/3) was obtained:
where Gym = 7.71 nm; Gad = 116 nm; Lye = 1.O66 s/K, and La = O.439 s/K.
For each period of oxidation during which the thickness h i of the growing layer of
the newly formed oxide polymorph i was between Om and Cie , an effective value of the
pre-exponent C;e was used in Eq. (3.8) instead of the coefficient C; . The value of C,e
was assumed to depend linearly on the oxide layer thickness:
The empirical correction constants X7 = 2OO and Xa = 15O were selected to describe the
TGA data [13] for oxidation of the 1O - 14 pm diameter particles.
3.3.2 High Heating Rates and Thin Oxide Layers
In this model, the case when the calculated thickness of the 8-oxide layer is smaller than
hY corresponds to the formation of individual crystallites or, in other words, to formation
of a discontinuous oxide layer with no diffusion resistance. A similar situation can occur
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during the initial formation of y-alumina. In TGA experiments [13], the heating rates
were low and the resulting oxide layers were relatively thick. Therefore, whenever a
situation with h, < h,'" was encountered in the aluminum oxidation model, the rate of
diffusion was controlled by the parent oxide layer, i.e. amorphous or y-oxide, for stages II
and III respectively. However, for practically interesting, high heating rates, the parent
oxide may disappear completely even before the layer of the new polycrystalline phase
becomes continuous, that is, before the limiting thickness h,'" is reached. In this case, a
portion of the aluminum surface becomes directly exposed to the oxidizing gas
environment. A similar situation has been described recently in Ref. [59] where it was
suggested to use the chemical reaction kinetics to limit the oxidation rate. However, the
kinetics of heterogeneous aluminum oxidation are not well known and expected to be
very rapid. The model developed here describes oxidation of the aluminum surface
directly exposed to the gaseous oxidizer assuming that the reaction rate is controlled by
the gas phase diffusion of oxygen to the open aluminum surface. The fraction of the
open aluminum surface, f, is introduced using the density ratio of the parent (lower
density) and newly formed (higher density) oxide phases. For stage II,
concentration of oxygen at the particle surface is assumed to be zero for the diffusion rate
limited oxidation. Therefore, the rate of oxidation limited by the gas phase diffusion of
oxygen in stage II, thr"0 , is computed considering inward Stefan flow as:
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where Do  is the coefficient of oxygen diffusion in air; Sp  is particle radius, gas
 is
density of gaseous environment; ,u is molar mass, and the subscripts gas, 02, and Al203
refer to the gaseous environment, oxygen, and alumina correspondingly; x is the molar
fraction of oxygen in the gaseous environment. Equation (3.11) is used to describe the
oxidation rate during stage II instead of Eq. (3.8) until the y-oxide thickness reaches 11;" .
A similar description is used for the stage III oxidation when the thickness of the newly
formed a-oxide is less than h: while the 7-oxide layer is so thin that its diffusion
resistance becomes negligible.
3.3.3 Polymorphic Phase Changes Within Alumina Layer
The rate of mass increase, rh(li;_ i),, , of the oxide phase i transformed from the oxide phase
i-i is described as:
where v is the velocity of the interface motion. The velocity is described using a
phenomenological expression, in which the thermal kinetics (similar to Ref. [64]) are
supplemented by the effect of the thickness of the parent layer of transition alumina,
= r,
The activation energies E for each specific phase transition were determined earlier by
processing the TGA data. The parameters F and K describe the effect of the parent oxide
thickness and were also determined by fitting the model to the experimental TGA data
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[13]. The phenomenological expression Eq. (3.13) is analogous to that used in Refs. [69]
and [23] to describe the phase transformations in supercooled liquids.
The rationale for introducing the effect of the oxide thickness on the speed of the
phase transformation is in the intrinsic metastability of transition alumina polymorphs.
Both amorphous oxide and crystalline y-alumina are assumed to be stabilized by the
interface energy [47]. With increasing oxide thickness, the stabilizing effects of the
interface diminish. Literature data [46, 47] on the critical thickness of the amorphous
alumina film indicate that it depends on the crystallographic orientation of aluminum
substrate and varies somewhat as function of temperature. In the temperature range of
2O-6OO °C, this thickness is greatest for the 11O crystallographic orientation of aluminum
with about 5 nm. Accordingly, the value of the parameter Kani,r was chosen to limit the
thickness of amorphous alumina at the heating rates of the TGA experiments [13]. Such
limitations of the oxide thickness were only necessary at low heating rates. Similarly, the
parameter Kya  addresses the decrease of the stabilizing role of the aluminum surface
with increasing thickness of γ-alumina (see Table 3.3).
3.3.4 Results and Discussion
The comparison of experimental and calculated TGA curves is shown in Fig. 3.2. Solid
lines represent experimental data, and dashed lines are the calculated mass changes of the
oxidizing samples.
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Figure 3.2 Experimental and calculated TGA curves for oxidizing aluminum samples.
Solid lines represent experimental data and dashed lines show the model
calculations.
In the model, one particle size was used to describe the oxidation behavior of each
aluminum powder. For the spherical powders, this size was obtained from the BET
measurements reported in Ref [13]. As discussed above, the adjustable parameters used
in the oxidation model (C,, K, anA F) were tuned to achieve the best match for the
experiments with the 10 - 14 ..Ana diameter aluminum powder oxidized at a heating rate of
40 Klmin. Accordingly, the experimental and calculated curves are nearly
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indistinguishable for this experiment. The two curves diverge slightly only at
temperatures exceeding 17OO K, near the very end of the experimental temperature range.
This nearly perfect match indicates that the five major processes accounted for in the
model including direct oxidative growth of three different alumina polymorphs and two
polymorphic phase transformations are adequate for the complete description of the
heterogeneous oxidation of aluminum. Calculated and experimental data for the same
powder at the lower heating rate of 5 Kimin are also in good agreement. For the finer
powder with nominal particle diameters in the range of 3 - 4.5 um, the model prediction
differs only slightly from the experimental data. This discrepancy could be due to the use
of a single particle size in the model while the powder used in the experiments is actually
polydisperse.
The calculations were also performed for experiments on oxidation of a flake-
shaped aluminum powder [13]. Equations (3.8) and (3.12) were modified to account for
the non-spherical particle shape. In equation (3.8), the difference between the inverse
radii was replaced with the ratio of the oxide thickness to the flat flake surface; in
equation (3.12), the particle surface was replaced with the flat flake surface. The
difference between the model prediction and experimental data is more significant for the
flakes than for the spherical powders. Specifically, the experimental thickness of the
oxide by the end of the transformation from amorphous to y-alumina is about two times
the value predicted by the model, as reflected by the mass difference shown in Fig. 3.2 at
about 90O K. This discrepancy may indicate that the thickness of the natural amorphous
oxide layer was overestimated. Indeed, the commercial flake powder was produced using
a ball-milling process with the addition of small amounts of an organic surface agent to
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prevent agglomeration. The removal of the organic material was observed as a minor
weight loss was occurring at low temperatures in the TGA experiments. This organic
coating could prevent the formation of a typical, 2.5-nm thick natural oxide on the
surface of flakes. Possible other sources for the discrepancy between experiment and
calculation could be that the flakes' edges were not adequately accounted for as well as
the effect of the crystallographic orientation and surface morphology of the aluminum
flakes on the alumina phase transformations, on the orientation of the newly formed y-
crystallites, and as a result, on the rate of the grain boundary oxygen diffusion. The
oxidation model also predicted a greater mass increase for the fully oxidized flake
aluminum powder than was observed experimentally. Particle agglomeration and
consequently incomplete oxidation in the TGA experiments could explain this
observation. Addressing the above discrepancies requires detailed analysis of the
reaction completeness in the TGA experiments as well as morphologies and
crystallographic orientation the surfaces of different aluminum powders which was
beyond the scope of the present study.
In general, it is important that the model developed here adequately describes the
multi-staged oxidation for all aluminum samples studied experimentally in Ref. [13].
The oxidation model also predicts the evolution of the growing alumina film including
the partial thickness of each of the present alumina polymorphs. Figure 3.3 presents the
model predictions for the 1O - 14 um diameter aluminum powder heated in oxygen at 4O
K/min. The experimental TGA data were recalculated into the oxide thickness for direct
comparison. Since more than one alumina polymorph can exist simultaneously, and the
thickness of each sublayer is not known a pSioSi, the oxide layer thickness was calculated
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using the density of each individual polymorph for the purpose of this evaluation. This
estimate is represented in Fig. 3.3 by the three bold lines. The shaded area represents the
oxide thickness calculated according to the model developed here. Separate polymorphs
are indicated by different shades of gray. The match between observation and calculation
is excellent in the temperature intervals where only a single polymorph exists. In
transition regions, the model prediction falls between the recalculated experimental data.
Figure 3.3 Thickness of the growing aluminum oxide layer recovered from the
experimental TGA curve [13] (bold lines) and calculated thickness of different
alumina polymorphs formed at different oxidation stages (represented by
different shades of gray)
Following Fig. 3.3, one can clearly separate different processes occurring in the
growing alumina oxide as described by the model. It is also possible to separate the
periods of oxidation controlled by direct oxidative growth of different alumina
polymorphs from the periods of oxidation controlled by the occurring polymorphic phase
changes.
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3.4 Ignition Modeling
3.4.1 Model Formulation
The model of aluminum oxidation developed in the present work allows computing the
rate of heat release due to oxidation as a function of temperature and time. It is relatively
easy to apply this heat release to a particle heat transfer model and to determine particle
ignition based on heat transfer analysis. In this study, the ignition of a single aluminum
particle inserted in hot air is described. This situation is similar to the ignition of airborne
particles in the reflected shock wave near the end wall of a shock tube experiment.
Particles that were initially dispersed and accelerated by an incident shock wave are
effectively stopped by the reflected shock wave. Adiabatic heating causes the particles to
ignite while nearly motionless [71, 72]. This simple model of heat transfer between
particle and environment is selected to clearly observe the effects of polymorphic phase
changes on the ignition temperature. The ignition temperature is defined here as the
temperature of the environment at which an initially cold particle is observed to self-heat
in excess of 232O K, the melting point of alumina. After the oxide scale melts, the rate of
aluminum oxidation is expected to increase rapidly and lead to full-fledged combustion.
While gas-phase reactions dominate in aluminum combustion, only heterogeneous
oxidation reactions are considered relevant for ignition in the model below.
In simplified form, the heat balance for a particle is described as:
where c is the temperature-dependent heat capacity, and Q is the heat transfer rate. The
subscripts p and e stand for particle and environment, respectively, and subscripts ph and
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ch describe physical heat transfer processes and heat generation due to chemical reaction,
respectively. During melting, the particle temperature was not allowed to change.
The physical heat transfer processes covered by the term, QOph include convection
and radiation:
In Eq. 3.15, A is the thermal conductivity of the gaseous environment, Nu is the Nusselt
number, Sp
 is the particle surface, c is the emissivity (emissivity of oxidized aluminum
surface at elevated temperatures, e = O.3 [73], was used in the model), and o is the
Stefan-Boltzmann constant. The subscript co is used to denote the temperature of
surrounding surfaces, which are assumed to be at room temperature as is the case of most
shock-tube ignition experiments. In experiments where particles are ignited near the end-
wall of a shock tube the particle acceleration by the incident shock is fully compensated
by that generated by the reflected shock. Therefore, for simplified analysis, it is assumed
that the spherical particles move slowly within the air so that Nu=2. The thermal
conductivity is determined at the boundary layer temperature around the particle, T f ,
The second term, 0, , in Eq. (3.14) describes the oxidation processes described
above in the oxidation model. It is computed as the change of the total oxide mass on the
surface of an oxidizing particle multiplied by the entalphy of oxidation, Hon:
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3.4.2 Results and Discussion
As a result of multiple processes affecting the aluminum oxidation rate, the computed
temperature histories of the particles inserted into the hot gas change dramatically as a
function of both the particle size and the environment temperature. For a set of particle
sizes, computations were carried out to determine the minimum environment temperature
at which the particle would self-heat to the alumina melting point of 232O K, and thus
ignite according to the criterion introduced above. Examples of the resulting temperature
histories for both ignition and non-ignition cases are shown in Fig. 3.4, 3.5, 3.6 for
particles of three different sizes. Simultaneously, the processes occurring in the oxide
scale are illustrated by the plots showing the overall increase in the oxide thickness and
the composition of the oxide film developing in time. Note that vapor phase combustion
processes are not considered in this model and therefore the predicted temperature and
oxide thickness histories are only meaningful up to the melting point of alumina. Thus,
calculated temperatures exceeding 232O K are shown as dotted lines in Fig. 3.4, 3.5, 3.6
and should not be discussed.
The smallest particles with a diameter of 1OO nm (cf. Fig. 3.4) have a relatively
small heat capacity and can be heated to a temperature about 1OOO K above the ambient
gas as a result of rapid formation of a 5 nm thick y-alumina surface layer. Specifically, if
the ambient temperature exceeds 131O K, self-heating results in a temperature exceeding
232O K and consequently in ignition. The rate of oxidation and respective heat release
are controlled by the gas phase diffusion of oxygen (Eq. (3.11)) to the unprotected
aluminum surface formed as a result of the transition of the natural amorphous alumina
into y-alumina crystallites.
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Figure 3.4 Predicted temperature histories and overall thickness and composition of the
oxide layers for 100 nm aluminum particles introduced in hot air.
The ignition temperature increases for larger particles. For a particle with 500 nm
diameter inserted in air at 1650 K (Fig. 3.5), the growth of amorphous oxide is extremely
slow. The particle temperature increases as a result of convective heating and for a short
period, as a result of rapid oxidation during the formation of a continuous γ-alumina
7 177
coverage with the maximum thickness Br = 5 nm. During that short period of time,
after the amorphous film disappears and the thickness of the γ7-oxide remains less than
by , the oxidation rate is controlled by the gaseous oxygen diffusion to the particle
surface. The temperature attained as a result of this process is close to 2000 K. The
following reaction is limited by relatively slow diffusion through the continuous y-
alumina while the convective heat transfer cools the particle down preventing the
ignition. However, when the environment temperature is increased to 1750 K, the rate of
particle self-heating dominates over convective cooling. As shown in Fig. 3.5, at about
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1.5	 the 500 Om particle becomes hotter than the surrounding gas, but the self-heating
continues, eventually resulting in ignition. The ignition model initially predicts the
particle self-heating controlled by gas phase oxygen diffusion (up to about 1.7 'As)
followed by self-heating limited by the diffusion of oxygen in the newly formed γ-
alumna scale; the latter process (described by Eq.(3.8) with the preexponent C 2, replaced
with Cy from Eq. (3.10)) results in the particle ignition.
Figure 3.5 Predicted temperature histories and overall thickness and composition of the
oxide layers for 500 nm aluminum particles introduced in hot air.
For still larger particles with 5 lam diameter, self-heating as a result of gas phase
diffusion of oxygen to the unprotected aluminum surface formed as a result of the
amorphous-to-γ transition is insufficient to cause ignition, as shown in Fig. 3.6. By the
time the thickness of the γ7-oxide reaches by = 5 nm, the particle temperature is still
fairly low and convective particle heating continues. For the 5 um diameter particle in
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air at 1900 K, the heterogeneous oxidation does not lead to ignition. However, at a
higher environment temperature, the processes of heterogeneous oxidation become
sufficiently fast to cause ignition. For air at 2100 K, the ignition model initially predicts
the particle self-heating limited by diffusion of oxygen in γy-alumina (up to about 300 1.1s)
followed by self-heating limited by the gas phase diffusion of oxygen to the open Al
surface produced as a result of γ--a-alumina transformation (from about 300 to 330 us),
eventually leading to ignition. The latter process is described by the modified Eq. (11)
where the fraction of open aluminum surface, f, reflects the ongoing alumina phase
transformation from y to a denser a phase: f = (1— 1)7 ) ,•%" 0.083 , where pa = 3.99/
Pa
glcm3 [441].
Figure 3.6 Predicted temperature histories and overall thickness and composition of the
oxide layers for 5 !Am aluminum particles introduced in hot air.
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The results of similar calculations, showing only the minimum environment
temperature at which ignition is observed for particles of different sizes are shown in Fig.
3.7.
Figure 3.7 The minimum air temperature at which ignition is predicted to occur for
aluminum particles of different sizes.
Three different processes which can result in particle heating to 2320 K were
identified for particles of different sizes. Particles smaller than 1.2 (labeled in Fig.
3.7 as zone A) ignite at very low temperatures, when the continuity of the amorphous
oxide layer is disrupted as a result of the formation of γ7-alumina. The oxidation process
leading to ignition of these small particles is controlled by the gas phase diffusion of
oxygen or by oxygen diffusion through the thin layer of γ7-alumina.
Particles with sizes in the range from 1.2 pm to about 25 um (labeled as zone B in
Fig. 3.7) ignite due to oxidation controlled by the processes associated with formation of
a-alumina. For these particles (similar to the 5 um case illustrated in Fig. 3.6), the rate of
exothermic oxidation leading to ignition is initially limited by the grain boundary
63
diffusion of oxygen in 8-alumina. Later in the self-heating process, when the particle
temperature becomes relatively high, the y---a-alumina phase change occurs and the
rapid oxidation continues as a result of the gaseous oxygen diffusion to the open Al
surface eventually leading to ignition. For particles in the 6 to 25 m size range, the
openings in the newly produced a-oxide layer disappear before the particles ignite.
However, when the environment temperature is sufficiently high the particle self-heating
ultimately leading to ignition continues as a result of the oxygen diffusion through the
growing layer of a-alumina.
According to the model, for aluminum particles greater than about 25 um
diameter (the size range labeled C in Fig. 3.7), the self-heating does not lead to ignition.
Therefore, those particles can only be ignited at environment temperatures higher than
232O K.
The model predicts a significant effect of the aluminum particle size on its
ignition temperature, which is generally supported by the experimental data available in
the literature, e.g., [5, 6, 9-2O]. Indeed, reported ignition temperatures vary from about
1OOO K for submicron sized particles [11-13, 2O] to the alumina melting temperature of
about 23OO K for particles larger than 1OO inn [14, 15, 18, 19]. For particles with sizes in
the 1-1OO Jim range, the experimental data vary widely and essentially fill the entire
range of temperatures from 1OOO to 23OO K [5-6, 9, 11, 16, 17, 2O]. The significant
advantage of the model developed here is that these very diverse ignition temperatures
are predicted within a self-consistent description of the processes of aluminum oxidation
for particles of different sizes.
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As shown in Fig. 3.7, the lowest ignition temperatures predicted by the model are
still somewhat higher than 1OOO K, reported in the literature for some aluminum
nanopowders. However, the model has only considered the energy balance for a single
particle, while the convective heat losses decrease dramatically for particle agglomerates
or clouds that are often used in experiments. For a simple estimate, one may neglect the
convective heat removal altogether and consider to what temperature can agglomerated
particles self-heat while the natural amorphous oxide layer grows and transforms into a
continuous polycrystalline γ7-alumina coverage. If the final temperature of such an
ensemble exceeds 232O K, it can be considered igniting. The ignition temperature
estimated in such a way is a function of the initial oxide thickness and size of the
individual particles. Estimates showing the minimum environment temperature at which
ignition of agglomerated aluminum particles can be expected are shown in Fig. 3.8 for
three selected particle sizes and for a range of initial (natural) oxide thicknesses. The
natural oxide thickness for nano-particles is reported to be in the 2 to 3 nm range, e.g.
[11, 66], similar to that for micron-size particles. However, in some reports the initial
oxide thickness ranges from O.5 [47] to about 4 nm [49], justifying the range of natural
oxide thicknesses used in the estimates shown in Fig. 3.8. These estimates illustrate the
potential ignitability of nano-size aluminum particle agglomerates and illustrate the
feasibility of experimentally observed ignition temperatures lower than expected for
single particles, as shown in Fig. 3.7. Another interesting result of this simple estimate is
that when very fine particles (e.g., 50 Om diameter) are agglomerated, they could be
pyrophoric even if they are covered with a 2.5 nm- thick natural oxide layer.
Figure 3.8 Estimated ignition temperatures of agglomerated aluminum nanoparticles as a
function of the initial thickness of aluminum oxide film.
3.5 Conclusion
The aluminum oxidation mechanism is quantified and used to develop a simplified model
of aluminum particle ignition. Thermogravimetric data [13] for oxidizing aluminum
powders are used to obtain kinetic parameters for both growth and phase transformations
in the oxide layer.
A new methodology is developed for the interpretation of TGA experiments and
the recovery of oxidation kinetics. Assuming that the oxidized aluminum particles are
spherical, the sample mass history is transferred into alumina thickness history.
Oxidation kinetics are determined assuming that reaction rates are controlled by diffusion
through the growing alumina scale. This approach enables one to account for multiple
and partially overlapping oxidation processes, unlike traditional isoconversion methods.
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The stepwise oxidation of aluminum observed in the TGA experiments was described
quantitatively for different particle sizes and heating rates.
An aluminum ignition model has been developed for single aluminum particles
inserted in a hot oxygenated gas. The model accounts for concurrent processes of the
growth and phase transformations occurring in the oxide scale. Additional assumptions
are made about the oxidation rate when the continuity of the nanometer-thick oxide layer
is disrupted because of significant volume changes due to polymorphic phase
transformations. Specifically, it is assumed that alumina crystallites with increasingly
higher densities form as a result of polymorphic phase changes in very thin oxide scales,
which leads to discontinuities in the oxide layer and exposes parts of aluminum surface to
atmospheric oxygen. In such cases, the oxidation rate becomes limited by the diffusion
of gaseous oxygen until the openings heal. The kinetic relations of the polymorphic
phase changes used in the model were determined from TGA experiments. Based on
heat transfer analysis, particles of different sizes are predicted to ignite as a result of self-
heating during different oxidation stages involving the formation of different oxide
polymorphism. The proposed model of aluminum ignition predicts a significant effect of
the particle size on the ignition temperature, consistent with experimental data available
in the literature.
The range of ignition temperatures is distinctly different for nanopowders,
particles in the 1 - 1O pm size range, and coarser particles. Generally, finer particles
ignite at lower temperatures.
CHAPTER 4
OXIDATION AND MELTING ALUMINUM NANOPOPWDERS
4.1 Introduction
Nanosized aluminum powders have been produced and evaluated as reactive additives to
propellants and explosives [57, 74-75] as well as components of nanocomposite energetic
materials [76, 77]. An accelerated reaction rate is generally due to an increase in the
specific surface of the powder. It has also been suggested that the melting point
depression reported to occur for metal nanoparticles [78-83] could result in an earlier
aluminum ignition (triggered by accelerated oxidation) and therefore, in shorter ignition
delays [84, 85]. However, experimental data on melting of aluminum nanoparticles are
scarce and it was recently shown that no correlation exists between melting and ignition
or oxidation for micron-sized aluminum powders [13, 6O]. The main objectives of this
work are to characterize experimentally melting and oxidation of the nano-sized
aluminum powders. The effect of the particle sizes on melting and oxidation kinetics was
specifically addressed. Instead of a common practice of representing each powder
sample with a single average particle size, the experimental size distributions for different
nanopowders were obtained and used directly for quantitative interpretations of the
measurements.
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4.2 Experimental
4.2.1 Particle Size Distributions
Three aluminum nanopowders with the respective BET particle sizes of 44, 8O, and 121
nm were provided by Nanotechnologies Inc., Austin, TX. For each "as received"
powder, the particle size distributions (PSD) were determined using small angle x-ray
scattering (SAXS). To achieve a reasonable fit with the SAXS measurements, the size
distribution for each powder was represented by a linear superposition of two log-normal
distributions.
Specific parameters determined from the SAXS measurements describing the
PSD are presented in Table 4.1. The frequency function, P(D), of aluminum nano-
particle distributions that was used in the study to describe melting and oxidation of
aluminum nano-powders, is expressed as:
where D is the diameter of the aluminum core, which is a parameter measured by SAXS
directly, the index k represents two log-normal distributions, Wk is a weight factor for
each of those log-normal distributions, Bak are the geometric standard deviations, and
(D) k
 are the geometric mean diameters. The aluminum powder manufacturers report
the oxide layer thickness, h„, in the range of 1.8-3.5 nm [86]. It was assumed that "as
received" powders had an oxide thickness of 1.8 nm, so that the particle diameters
measured by SAXS and representing the metal core were corrected accordingly.
Powders stored in the laboratory for the duration of this project (about 6 months)
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continued to slowly oxidize as was determined from the thermo-gravimetric
measurements performed over this period of time with the same powder batches. This
growth of oxide thickness and respective changes in the overall particle diameters were
accounted for while interpreting the oxidation measurements as described below.
Table 4.1 Particle Size Distributions of the Al Nanopowders 0btained From SAXS.
The volume-based distributions for the aluminum core diameters, as determined
by SAXS and described by Eq (4.1) and in Table 4.1, are presented in Figure 4.1. PSD
for each powder is skewed to the right side due to the presence of relatively large
particles represented by the second lognormal mode (see Table 4.1). These large
particles produce a noticeable contribution while such volumetric processes as melting
and oxidation are considered.
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Figure 4.1 Volume based PSD for different aluminum nano-powders. Vertical axis
shows percent of a differential of cumulative volume distribution for
aluminum core divided by the logarithm of the particle size. Therefore, the
area under each normalized PSD curves equals to 100%.
4.2.2 Thermal Analysis Experiments
Melting and oxidation of the powders were studied using a Netzsch Simultaneous
Thermal Analyzer 5TA409 PC. The instrument was calibrated for temperature with the
melting points of a set of metal standards resulting in a temperature accuracy of ±1 °C.
To describe melting, differential scanning calorimetry (DSC) was performed in
argon, heating powders up to 750 °C with a rate of 5 °C lmin. The 35 — 45 mg samples
were heated in alumina and platinum sample holders. To establish reproducible initial
conditions for the DSC measurements, each sample was heated from room temperature to
300 °C at 20 °C lmin and kept at 300 °C for about 30 minutes, prior to the main heating
program. During heating and melting, sintering can occur, affecting the powder sample's
geometry, location in the DSC sample holder, and the heat transfer in the DSC measuring
head. To minimize such artifacts, three experiments were performed. In the first
71
experiment, the powder was loosely packed in the sample holder. In the second test, the
powder was pressed into a pellet. Finally, in the third experiment, the powder was mixed
with alumina powder (Inframat Advanced Materials LLC, Farmington, CT, particle size
',',15O nm) in the 1:1 mass ratio and the mixture was loosely packed in the sample holder.
The results of all three types of experiments were generally consistent, while the most
reproducible measurements were obtained with the mixed Al/A1 2O3 powders. These
measurements are presented below.
0xidation was characterized using thermo-gravimetric analysis. Samples of 25 -
4O mg contained in alumina crucibles were heated in an oxygenlargon environment
(oxygen flow rate 1O ml/min, argon flow rate 5O ml/min) from room temperature to 135O
°C. Heating to higher temperatures, performed in a limited number of experiments, did
not result in any further weight increase. Two heating rates of 1 and 5 °C /min were used
in the study.
4.3 Oxidation Modeling
Recently, oxidation of aluminum powders was described considering formation of
different polymorphism of A1203 [13, 61 ]. The same model, described in detail in the
chapter 3 and Ref. [61], was modified in this work to reflect the effect of particle size on
the diffusion rate, which is only significant for nanopowders. After this modification, the
model was used to predict the TGA curves expected for each powder sample while the
PSD for each powder was obtained from SAXS measurements. All particles were
assumed to be spherical.
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4.3.1 Major Processes During Aluminum Oxidation
A detailed discussion of major processes occurring during oxidation of aluminum
powders is given in the chapter 3. The following abbreviated discussion is given for a
self-containing description of the modified oxidation model.
Aluminum particles are covered by a thin layer of "natural" amorphous oxide. At
low temperatures, the thickness of the amorphous oxide increases. At elevated
temperatures, the amorphous alumina transforms into a denser γy-A12O3 polymorph. This
phase transformation can reduce the thickness of the oxide layer. For thin oxide layers
observed at high heating rates, this phase change can also result in local discontinuities in
the oxide coverage [13, 61]. Thus, the rate of oxidation accelerates rapidly until a
continuous, polycrystalline layer of the γy-A1203 is produced. As the temperature
continues increasing, the layer of the γy-A1 203 grows until crystallites of an even denser y-
oxide start forming. Formation of a higher density oxide polymorph once again results in
a reduction in the overall oxide thickness and accelerated oxidation continuing until the
entire oxide layer transforms into a continuous, polycrystalline a-A1203 film. According
to this model [13, 61], five processes need to be analyzed to describe the oxidation
quantitatively. These processes are, in the order of their occurrence at the increasing
temperatures:
• Growth of amorphous oxide
• The amorphous to γ-alumina phase change
• Growth of y-alumina
• The y to y-alumina phase change
• Growth of y-alumina.
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4.3.2 General Model Formulation
The mass of each alumina polymorphic and the mass of metallic aluminum are computed
as a function of time and temperature. To account for the effect of specific PSD, the
computations are made for each particle size and then integrated over the PSD.
According to the model, changes in the mass of each oxide polymorphic can be caused by
two different processes: a mass change the' due to the direct aluminum oxidation and a
mass change Erie due to polymorphic phase transformations. Because of the accepted
sequence of the polymorphic phase transitions: amoSphous -->γ---a [13], the rates of
relative mass changes for aluminum core and for corresponding shells of the amorphous,
y-, and a-oxides, referred to by the subscripts Al, am, 7,  and a, respectively, are
determined for each instant of time (or for each temperature) from the following
equations:
where Vrel is rate of relative volume change. All the variables are functions of time, and
all variables inside the square brackets are functions of the initial diameter of the particle
aluminum core, D. The temperature of aluminum particles affecting the rates of mass
74
oxidation TGA experiments. The modeled TGA weight change was calculated by
integrating equations (4.2.1-4.2.4) numerically.
The rates of mass change due to direct oxidation were described by the model of
diffusion for the rate—limiting species. To simplify the boundary conditions necessary to
compute the diffusion mass flows, the model allows the direct oxidative growth of only
one alumina polymorph at any given time. Specifically, at any given time only the
alumina polymorph with the highest diffusion resistance, which is tracked during the
calculations, is allowed to grow due to the direct oxidation. The phase transformations
can occur simultaneously and may contribute to the growth of any co-existing alumina
polymorph. Thus, if several alumina polymorphs coexist, each particle is surrounded by
concentric shells of the respective oxide polymorphs. The spherical symmetry allows
one to recalculate volumes of alumina and aluminum core (and radii of corresponding
shells, S 1) for each specific initial particle size by integrating over time equations (4.2.1-
4.2.4) written in the differential form, i.e., for a given particle diameter rather than
integrated over PSD.
4.3.3 Diffusion Limited Oxidation
For each polymorph, the rate of direct, diffusion limited oxidation for a spherical oxide
layer of outer radius, r,, is described by the same Arrhenius type expression (see Eq.
(3.8)) as was used before for the oxidation modeling of micron sized particles. The
values of parameters C1, and E„ were also the same as determined recently for the
oxidation of micron-sized aluminum particles (see Table 3.3).
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4.3.4 Diffusion in Thin Oxide Layers
Additional assumptions were necessary to describe the oxidation kinetics when the oxide
thickness was comparable to the size of individual y- and y-oxide crystallites. When
such crystallites are initially formed, the discontinuities in the oxide coverage are
produced [13, 61]. The initial diffusion resistance of the newly formed y- and y-oxide
crystallites was neglected. A critical thickness for each of the new growing layers of the
y- and a-oxide polymorphs was identified at which these layers stop behaving as
individual crystallites and start producing diffusion resistance typical of respective
continuous polycrystalline layers. These transition oxide thicknesses, introduced
previously to describe oxidation of the micron sized aluminum powders [61], were also
used here. According to the model proposed in Ref. [61] and described in details in the
chapter 3 the diffusion resistance of a new growing oxide layer increases linearly with the
increase in the oxide thickness until a continuous, polycrystalline oxide coverage is
formed.
4.3.5 Polymorphic Phase Changes in A1203
The rate of mass increase, 	 of the oxide phase i transformed from the oxide phase
i-1 is described using the expressions introduced in chapter 3 (Eqs. (3.12) and (3.13)).
The activation energies E for each specific phase transition, as well as, parameters F and
K were determined earlier by processing the TGA data for the micron sized particle (see
chapter 3 and Ref. [61]).
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4.3.6 Initial Conditions
The initial volumes (and thus thicknesses) of both γ and a phases were equal to zero.
The initial volumes of the amorphous oxide and aluminum core were considered as a
function of PSD using the SAXS measurements and a size-dependent correction required
to account for "aging" or oxidation of the powders stored in the laboratory. The overall
mass of the initial oxide for the "aged" particles was determined from the total mass
increase measured from the respective TGA curves acquired in the oxygen/argon
environment. Thus, a specific correction was introduced for interpretation of each
specific TGA experiment. The oxidation of powders during their storage was analyzed
assuming a uniform, 1.8 nm, initial oxide thickness for "as received" particles of all sizes
and using equations (4.2.1), (4.2.4), and (3.8) while allowing the particle's temperature to
remain at a constant, room temperature level. The growing thickness of the amorphous
oxide layer was computed as a function of time until the total mass of the oxide layer
matched the oxide mass inferred from the TGA measurements. An example of the
resulting distribution of the oxide thickness over the particle diameter is shown in Fig.
4.2.
Figure 4.2 Calculated initial thickness of the amorphous oxide layer as a function of the
particle size for an aluminum nanopowder (BET diameter 8O nm) stored in the
laboratory for a period of time.
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The calculations in which the diffusion rates depend on particle size (cf. Eq. (3.8))
predict that the oxide thickness increases faster for the finer particles. Thus, the left,
rising part of the curve in Fig. 4.3 corresponds to the finer particles that are fully
oxidized. For such particles the oxide thickness equals to the particle radius. For larger
particles, oxide thickness decreases as the particle size increases. It is clear that the size-
dependent "aging" effect is substantial only for the particles that are smaller than 2O nm
while it can be neglected for coarser particles.
4.4 Melting Models
4.4.1 Melting Temperature and Entropy Dependence on Particle Size
The effect of particle size on its melting temperature and latent heat of melting for nano-
sized metal particles has been extensively discussed in the literature. A model commonly
quoted in recent papers dealing with aluminum nanopowders used in energetic materials,
e.g. [85], was developed about five decades ago [78]. That model describes the melting
point, T,,, as a function of the particle diameter, Sp
 , and the oxide shell thickness hoax, as:
where Tb is the melting temperature of bulk aluminum, Hb is the enthalpy of fusion of
bulk aluminum, and o  is the interfacial surface tension between the solid and the liquid.
The difference in the molar volumes between solid and liquid aluminum was neglected.
More recently, a theoretical model of melting for nanocrystalline metal powder
was developed by Jiang et al., [8O-82]. It has been proposed that the melting point
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depends on the diameter of aluminum nano-crystals, assumed in our study to be equal to
the diameter of particle aluminum core, as:
where, and / is the length of the Al-Al atomic bond. Furthermore, it was suggested that
for nanoparticles, the latent heat of melting, 1-1,„ depends on the particle diameter
according to:
Finally, processing the experimental results reported by Eckert et al., [83]
suggests phenomenological dependencies for both the melting point and latent heat of
melting as functions of the aluminum core diameter (expressed in nanometers):
The experimental data presented in Ref. [83] limit applicability of the trends given by
Eqs. (4.6, 4.7) for the particles with diameters in the range of 12.O7 nm < D < 43.24 nm.
For larger particles, Tm=Tb and Hm =Hb. For particles with the metal core smaller than
12.O7 nm, the latent heat of melting is reported to be negligible [83].
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4.4.2 Modeling of Experimental DSC Signal
Three different melting models introduced above were used together with the
experimental PSD to quantitatively predict the DSC signals expected while different
powder samples melt. Each calculation was compared to a specific DSC run. The
correction for the initial oxide thickness as a result of aging for each specific DSC run
was made in the respective calculations using the procedure described above and the
results of the concurrent TGA measurements. Equations (4.3), (4.4), and (4.6) represent
functional dependence of the melting temperature on the particle diameter. Each of these
equations was converted into a respective dependence of the aluminum core diameter as a
function of the melting temperature, D = D(Tm,) . 	 The converted functional
dD
dependencies and their temperature derivatives d7, 	used to predict the DSC signal
directly. The DSC experiments were performed at a constant heating rate, ft, so that the
DSC signal, DSC  , detected at each specific temperature, T, was calculated as:
where Ms is the parameter accounting for frequency function normalization and
proportional to the mass of the aluminum metal in the analyzed nanopowder sample.
4.5 Results and Discussion
Experimental DSC curves showing the melting endotherms for different powders are
shown in Fig. 4.3 together with the TGA curves showing the weight increase for the same
powders as a result of oxidation.
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Figure 4.3 DSC and TGA curves measured for three aluminum nanopowders in argon
and oxygen, respectively. Both sets of curves were acquired at a heating rate
of 5 °C/min.
For all powders, the oxidation is observed to begin at the temperatures
substantially lower than the onset for the melting endotherm (occurring at around 57O °C
for all powders). Thus, no correlation between melting and oxidation is observed,
similarly to the results for the micron-sized Al powders [13, 6O, 61]. The substantial
difference in the slopes of the DSC curves before and after melting is most likely
explained by the change in the powder morphology as a result of its melting. The change
in morphology affects the heat transfer within the DSC sample holder and, therefore, the
baseline of the measurement.
Comparisons of the experimental TGA curves with the curves predicted by the
recently developed aluminum oxidation model are shown in Fig. 4.4. The absolute
measured mass increase becomes smaller for the same particles used in different
experiments after increasingly longer storage periods, indicating that oxidation did occur
during the storage. At the same time, the final mass increases for the calculated and
experimental TGA curves always coincide because of the discussed above correction for
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the initial oxide layers for the powders stored in the laboratory during different periods of
time. The calculations, in general, reproduce well the shapes of the experimental TGA
curves. The shift between the TGA curves as a function of the heating rate is also well
described.
There are, however, minor but systematic discrepancies between the predicted and
calculated curves, as shown in Fig. 4.4. The calculated TGA curves are extremely
sensitive to the specific shape of the particle size distribution and particle surface
morphology. It is suggested that the disagreement between the presented oxidation
theory and experiments is within the ranges expected based on the accuracy with which
the particle size distributions are determined.
Figure 4.4 Comparison of experimental TGA curves with results of the oxidation
modeling.
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Comparisons of the experimental DSC melting curves with the curves predicted
to describe respective measurements by different melting models of metal nanopowders
are presented in Fig. 4.5. No close agreement between experiment and any of the tested
melting models was observed; however, the overall shape of the melting endotherm was
predicted by all the models. In particular, it is interesting that the experimental
endotherms have at least two peaks and this overall shape is generally predicted
considering the bimodal size distributions obtained from SAXS (see Table 4.1). Note
that according to Eqs. (4.6, 4.7) [83], only a fraction of the powder is predicted to melt
before Kb= 660 °C is reached. The rest of the powder, as noted in Fig. 4.5, is expected to
melt at a constant temperature of Ab, so that respective calculations for the melting
endotherms could not be performed and are not shown in Fig. 4.5.
Figure 4.5 Experimental and computed DSC curves showing melting of aluminum
nanopowders.
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It was found that the shapes of the predicted curves are very sensitive to the
specific type of the particle size distribution, e.g., bimodal vs. single mode lognormal
distribution. The melting curves can further depend on the specific surface morphologies
of the used nanoparticles that could affect the sizes of melting nano-domains.
4.6 Conclusion
Melting and oxidation of aluminum nanopowders are studied experimentally and the
results are compared with the predictions of several models published to date.
Experiments showed that the oxidation and melting onsets of the heated aluminum
nanopowders do not correlate, consistently with the conclusion made earlier for the
micron-sized aluminum powders. The melting of nanopowders starts at a lower
temperature than the melting point of bulk aluminum; however, existing models describe
the effect of the particle size on the melting point depression only qualitatively. Detailed
analysis of the particle size distributions and surface morphology is needed for further
quantitative verification of any related models. A recent oxidation mechanism taking
into account polymorphic phase changes in the A1203 layer describes oxidation of the
nanopowders satisfactorily. The particle-size dependent oxidation model developed in
the study was successful in describing the experimental TGA curves. The same model
was used to evaluate the particle size dependent thickness of the oxide layer produced on
the aluminum nanopowders during their storage at room temperature. Observed minor
inconsistencies between predictions of the proposed oxidation model and TGA
measurements can be related to the extreme sensitivity of the oxidation rates to the
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specific shape of the particle size distribution that was described in this work by a
superposition of two lognormal functions.
CHAPTER 5
CONCLUSIONS
The study started from a literature review of data on aluminum ignition temperatures and
available ignition models. The review clearly demonstrated a dependence of the reported
aluminum ignition temperatures on the size of samples used in experiments. It was also
identified that the existing models propose different mechanisms for ignition of
nanosized and coarse powders igniting at low and high temperatures, respectively. At
the same time, no consistent ignition mechanisms were proposed for the 1- 5O p.m
powders, which are most widely used in practical applications, and which were observed
to ignite in a broad range of temperatures.
In this study, a new model was developed that enables one to describe
quantitatively ignition of aluminum powders of different sizes using a common
formulation and a consistent approach. Ignition is caused by the heterogeneous
exothermic processes occurring within the oxide film on the Al particle surface. The
model considers polymorphic phase transformations within the aluminum oxide layer and
describes diffusion of various species through the alumina film. The polymorphic phase
transitions occurring in A12O3 upon its heating and growth are accompanied by changes
in its density and crystallinity, which affect the continuity and diffusion resistance of the
protective alumina layers. These changes account for the observed step-wise changes in
the oxidation rate. The kinetics of different heterogeneous processes resulting in
aluminum ignition in oxygenated environments were determined experimentally from
thermal analysis. The model successfully explains a wide range of ignition temperatures
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reported in the literature and the dependence of ignition temperatures on the size of
aluminum particles.
Additional studies should be undertaken to take advantage of the proposed model
of aluminum ignition for practical applications of using aluminum combustion in
energetic formulations. The experiments with simple and readily described heat transfer
configurations are especially useful to elucidate the effects of different polymorphic
transformations and oxidation processes on ignition. For example, experiments with well
controlled environments and shock-wave ignition of aluminum particles with narrow size
distributions are suggested. The heat transfer model for these experiments is
straightforward and the environment temperatures can be readily controlled. In addition,
experiments with varied and well controlled heating rates and monodisperse aluminum
powders are also desirable to verify the specific effects of oxidation and phase
transformation kinetics. Finally, effects of different oxidizing environments on the
kinetics of heterogeneous processes that control ignition are expected to be significant.
Specifically, heterogeneous oxidation kinetics of aluminum in carbon dioxide and water
vapor should be determined experimentally and incorporated into the ignition model.
APPENDIX
DETERMINATION OF OXIDE THICKNESS FROM TGA DATA
The experimental mass change of an oxidized aluminum sample was converted into the
change of thickness of the alumina surface layer. Based on the x-ray diffraction analysis
of partially oxidized powders, it was established that the oxide layer was amorphous
during stage 1 oxidation; the majority of oxide was y-alumina during stage 3, and oxide
converted to y-alumina during stage 4 [13]. Different oxide polymorphs have different
densities and therefore, in Fig. 3.3, the experimental oxide thickness history is
represented by three lines, corresponding to the separate evolution of amorphous, y- and
y-alumina, respectively (see description of Fig. 3.3 in the chapter 3). The lines overlap in
the temperatures ranges were phase transformations occur. The distance between lines in
the regions where they overlap provides an estimate of accuracy which can be expected
from the calculations of the oxide thickness.
It is assumed that aluminum powder is initially covered by a natural amorphous
oxide film. The initial external radius of the film, ram , equals that obtained from the
BET measurements: ram = rBET • The radius of the metallic aluminum is obtained as:
S:41 = ran, — ha,,,, , where the initial layer thickness ha' m is assumed to be 2.5 nm [5O-52, 66],
significantly smaller than the particle radius: ha' m << Sam .
Evaporation of aluminum and its oxidation products are neglected. Therefore, the
mass of aluminum within a particle is conserved. For spherical particles and assuming
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(only to determine the oxide thickness history) that at any moment only one type of oxide
is covering a particle, that conservation can be expressed as:
where uAl and P Al20, are the molar masses of aluminum and aluminum oxide,
correspondingly.
In the TGA experiments, the measured mass always slightly decreased when the
sample was heated from room temperature to about 3OO °C. This effect was most likely
caused by the removal of adsorbed moisture. The minimal mass of the sample measured
during its heating (at about 3OO °C) was considered as the initial sample mass, ms for
interpretation of TGA. The normalized sample mass, ma  , is expressed as the ratio of the
mass of oxidized powder, ms , to its initial mass:
For monodispersed, spherical particles, equation (A3) can be rewritten as:
There are only two unknown parameters, rox and r.,41 , in the system of equations (Al ;
A3) The solution for r,1 is:
For the external radius of the oxide layer, the solution is:
Finally, the oxide thickness, hoax, is the difference between roux determined from
equation (A7) and rAl obtained from equation (A4).
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